Mirror-embedded microchannel for three-dimensional measurement of particle position To enable easy implementation of three-dimensional ͑3D͒ characterization of flowing objects, we have developed a mirror-embedded microchannel to obtain 3D positional information from two different orthogonal-axis images. A silicon mirror reflects the side view of the channel and enables simultaneous imaging of the top and side views of the channel with a single lens. The measurement principle was verified by observing fluorescent streams simultaneously in both horizontal and vertical directions of a microchannel and measuring 3D positions of 6 and 10-m sized beads without any optical modification of a microscope and additional optical equipment. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3027058͔ Advances in microfluidic technology are revolutionizing cellular biology by providing the ability to spatiotemporally handle cellular objects or molecular compounds on a micrometer scale. Dissolved molecules or suspended cells can be manipulated in three dimensions ͑3D͒ inside microchannels even with small cross-sectional area. Slant grooves or obstacles in a microchannel have been used for generation of dynamic concentration gradients that vary in space and time, 1-3 and self-sorting of cellular objects such as microbeads and blood cells by hydrophoretic principles. [4] [5] [6] Cell rolling and migration on patterned substrates with cell adhesion molecules were exploited for selective transport of cells. 7 Although these microfluidic devices show spatiotemporally varying characteristics, their performances are mostly evaluated in two-dimensions ͑2D͒ for a certain time period. Some static concentration gradients can be characterized in 3D by reconstructing layer-by-layer images obtained from confocal microscope. However, it is still a challenge to measure 3D particle positions and fluid streams inside microfluidic channels in real time.
Flow diagnostic methods such as 3D microparticle image velocimetry ͑PIV͒ can be a potential strategy to address the above needs. [8] [9] [10] [11] PIV is an optical method used to estimate the kinematics of the local fluid. Typical PIV techniques require seed particles that have no influence on fluid characteristics. The velocity information of the fluid is calculated by processing the motion of the small particles. Since PIV techniques are typically based on spherical seed particles, it is difficult to measure 3D locations and orientations of nonspherical particles such as red blood cells and DNA molecules in a continuous flow. The PIV techniques do not also allow for imaging the gradient formation of molecular compounds simultaneously in the horizontal and vertical directions of microchannels. Stereoscopic PIV can resolve these problems by recording two simultaneous but distinct off-axis views of the same object. [12] [13] [14] However, stereoscopic methods require a relatively complex and expensive system with two sets of camera and optical equipments. Typical stereoscopic methods also require calibration algorithms to reconstruct 3D images from two different off-axis images that prevent easy implementation of 3D measurement of particle positions and fluid streams in microchannels.
In this letter, we describe a mirror-embedded microchannel for 3D measurement of particle positions. As shown in Fig. 1 , the device consists of a silicon mirror and poly͑dim-ethylsiloxane͒ ͑PDMS͒ microchannel made by aligning and bonding two PDMS layers. The mirror ideally at 45°͑͒ reflects the side view of the channel and enables simultaneous imaging of the top and side views of the channel with a single lens. At the same time, the distance ͑d͒ between the mirror and channel is within the depth of field ͑DOF͒ that is determined by the distance from the nearest object plane to the farthest plane in focus. Therefore, we can obtain 3D locations of particles without calibration by directly observing the in-focus side and top views of the mirror-embedded channel. We can also capture images for fluorescent streams simultaneously in both horizontal and vertical directions of the microchannel using a standard inverted microscope without any optical modification and additional optical equipments.
All devices were fabricated using multistep photolithography techniques ͑see Ref. The microchannel was imaged through an inverted optical microscope ͑TS100, Nikon Co., Japan͒ and a Nikon Plan Apochromat objective lens with a magnification of 4ϫ and a numerical aperture of 0.1. Microscopic images were taken with a charge coupled device ͑CCD͒ camera ͑DS-2MBWc, Nikon Co.͒. A syringe pump ͑Pump 11 Pico Plus, Harvard Apparatus, MA͒ was used to produce a continuous flow through the microchannel. A commercial image-analysis program, i-Solution ͑IMT i-Solution Inc., Korea͒ was used to measure the positions of particles inside the microchannel.
We demonstrated the proper functioning of the mirrorembedded microchannel by imaging the channel filled with FITC as shown in Fig. 2 . The applied flow rate was 0.1 l / min. The upper and lower stripes show the top and side views of the channel, respectively. The side-view width of 51.6 m well corresponds to the mold thickness of 51.9 m for the channel ͑50 m in width͒. The fluorescence-intensity measurement shows that the average intensity of the top-view image is approximately four times higher than that of the side-view image reflected from the silicon mirror. This intensity attenuation of the reflected image is attributed to the low reflectance of a silicon wafer and a thin oxide layer on the wafer. The typical reflectance of silicon mirrors at wavelengths of 500-800 nm is approximately 35% that can make it difficult to image low lightlevel objects. 16 High-reflection ͑HR͒ coatings can be used to enhance reflection from silicon surfaces. Thin aluminum films as one of HR coatings were used to enhance a reflectance of silicon mirrors up to more than 80%. 16 This mirrorintegrated device offers a simple means for flow diagnosis of fluorescent streams simultaneously in the horizontal and vertical directions of microchannels without any optical modification of microscopes.
The mirror-embedded channel can also be used to measure 3D positions of microparticles flowing microchannels. Figure 3͑a͒ shows a sequential image of a moving 10-m-sized particle in the linear channel. The particle was moving along the x-axis at the position ͑y , z͒ = ͑17.3 m , 5.0 m͒. Particle velocities were determined by dividing the moving distance over each time interval. As shown in Fig. 3͑b͒ , a parabolic velocity profile is formed across the channel width on the xy-plane 5 m apart above the bottom wall. The particle velocity was 560.9 m / s at the position ͑y , z͒ = ͑17.3 m , 5.0 m͒. The velocity was increased going toward the channel center: 1818.2 m / s at ͑y , z͒ = ͑25.0 m , 20.3 m͒. Figure 4 shows the trajectory of a flowing 6-m-sized bead in the grooved microchannel, imaged by fluorescence microscopy with a long-time exposure. As mentioned before, the lower intensity of the side view results from the low reflectance of the silicon mirror. The slanted groove patterns on the channel generate rotational flows by using a steady axial pressure gradient.
2,3 Such convective vortices make the bead move along the z-axis as well as the y-axis. As shown in Fig. 4 , the 6-m-sized bead travels back and forth between the right and left sidewalls. Before crossing from the right to the left wall, the bead begins to approach near the groove surfaces. At the crossing, the bead abruptly goes up to the top wall and moves down to the groove surfaces. The presented device will be helpful to understand 3D flow characteristics in the field of microfluidics. When obtaining two images with different light-path lengths with a single objective lens, the DOF of the lens determines whether the images are in focus or out of focus. DOF is given by Inoué and Spring 17 as follows:
where n is the refractive index of the medium, is the wavelength of illuminating light, NA is the numerical aperture of the objective lens, M is the magnification of the system, and e is the pixel spacing of a CCD sensor. The calculated DOF from Eq. ͑1͒ is 115 m for = 700 nm and e =24 m. This value is slightly smaller than the mirror-to-channel distance ͑d͒ of ϳ150 m. The insufficient DOF resulted in the blurring of the top-view image in Fig. 3͑a͒ . The 10-m-sized bead was imaged larger than its real size. However, the particle positions ͑specifically, particle centers͒ were not affected by the blurring. A possible strategy to resolve this blurring problem is to introduce an objective lens with lower NA and higher DOF covering the mirror-to-channel distance. Also, it can be another solution for the blurring problem to put the silicon mirror closer to the channel.
In conclusion, we demonstrated a proof-of-principle mirror-embedded channel that allows 3D measurement of particle positions. The channel made of a single cast of PDMS ensures easy implementation of 3D measurement without any optical modification of a microscope and additional optical equipments. In practice, the current implementation may prove to be useful in the measurement of the positions and velocities of moving microparticles in the channel. However, pattering the channel with cell adhesion molecules will enable the extension of the application to cellular studies such as cell rolling and migration. This method can also be used for flow diagnosis of 2D hydrodynamic focusing devices and diffusion kinetics studies in microchannels by imaging fluorescent streams simultaneously in both horizontal and vertical directions of microchannels.
